Bone tissue engineering scaffold provides an effective treatment for bone defect repair. Biodegradable bone scaffold made of various synthetic and natural materials can be used as bone substitutes and grafts for defect site, which has great potential to support bone regeneration. Regulation of cell-scaffold material interactions is an important factor for modulating the cellular activity in bone tissue engineering scaffold applications. Thus, the hydrophilic, mechanical, and chemical properties of scaffold materials directly affect the results of bone regeneration and functional recovery. In this study, a poly-L-lysine (PLL) surface-modified poly(lacticco-glycolic acid) (PLGA)/graphene oxide (GO) (PLL-PLGA/GO) hybrid fiber matrix was fabricated for bone tissue regeneration. Characterization of the resultant hybrid fiber matrices was done using scanning electron microscopy (SEM), contact angle, and a material testing machine. According to the results obtained from the test above, the PLL-PLGA/GO hybrid fiber matrices exhibited high wettability and mechanical strength. The special surface characteristics of PLL-PLGA/GO hybrid fiber matrices were more beneficial for protein adsorption and inhibit the proliferation of pathogens. Moreover, the enhanced regulation of MC3T3-E1 cell proliferation and differentiation was observed, when the resultant hybrid fiber matrices were combined with electrical stimulation (ES). The cellular response of MC3T3-E1 cells including cell adhesion, proliferation, alkaline phosphatase (ALP) activity, calcium deposition, and osteogenesis-related gene expression was significantly enhanced with the synergistic effect of resultant hybrid fiber matrices and ES. These data indicate that the PLL-PLGA/GO hybrid fiber matrices supported the cellular response in terms of cell proliferation and osteogenesis differentiation in the presence of electrical stimulation, which could be a potential treatment for bone defect.
Introduction
Bone defects caused by trauma, tumor resection, or bone diseases are the common reasons of human disabilities, which often lead to serious clinical problems. At present, the transplantation of allogeneic and autologous bones remains the mainstay of treatment for bone defects [1] . However, the potential risks such as morbidity of the donor site, infection, nerve damage, and new fracture limit their usage and remain serious problems that must be resolved [2, 3] . Thus, these drawbacks also lead to the search of alternative treatment options with less additional sacrifice and more therapeutic efficiency for bone defects. In recent years, bone tissue engineering shows great potential in developing effective alternative as bone substitutes and grafts for bone defect repair. Various synthetic and natural materials, including polycaprolactone, PLGA, bioactive glasses, and chitosan, have been fabricated potential bone scaffolds that are utilized as grafts for bone defect repair [4] [5] [6] [7] . For PLGA materials in particular, many researchers have fabricated PLGA scaffolds for bone defect repair; they show good biocompatibility, low immunogenicity, and toxicity and are widely used in pharmaceutical and tissue engineering as an FDA certificated medical materials. However, PLGA scaffolds have hydrophobic surfaces and unsatisfactory mechanical properties, which have restricted its regenerative stimulation of large bone defects [8] . Therefore, in order to improve the bioactivity of PLGA, various chemical or physical methods have been employed, such as plasma treatment, photoreactive gelatin, poly(dopamine) coating, and nanoparticle doping [9] [10] [11] .
PLL is a biocompatible cationic polymer, established as a potential compound for promoting cell adhesion, proliferation, and regeneration at the biomaterial interface [12] . In the biological medium, PLL can be as an attachment factor that enhances cell adherence due to there is an electrostatic interaction between the positive charge on the PLL molecule and the negative charge on the cell membrane. Furthermore, the PLL surface modification is simple to implement and does not require multistep polymer synthesis. Numerous studies demonstrated that PLL treatment on the surface of the scaffolds increases cell adhesion, viability, and differentiation [13, 14] . However, the PLL surface modification alone possesses limited osteoinductive abilities and cannot effectively improve the poor mechanical properties of PLGA. Therefore, to further improve the osteogenic activity of scaffold materials, the addition of some other components with good osteogenic differentiation activity to the scaffold materials might be needed. GO is a single layer of sp2-bonded carbon atoms, which has also shown great potential in biomedical applications due to its superior mechanical and biological properties [15, 16] . Compared with graphene, the presence of epoxides, carbonyls, and hydroxyls on the surface of GO makes it easily dispersed in aqueous solutions and can provide anchor sites for binding with polymers [17] . Previous studies have shown that GO can serve as an effective reinforcement filler by enhancing the network structure of the scaffolds [18, 19] . Furthermore, it has been reported that the addition of graphene and its derivatives (GO or reduced GO) could promote the cell adhesion, proliferation, and osteogenic differentiation [15, 20, 21] . More importantly, GO substrate can promote the improved of calcium deposition level and alkaline phosphatase expression [22] . This suggests that GO can be used for osteogenic stimulation of cells; it is expected to be an outstanding material as a substrate in the application of bone repair. Hence, we speculate the combination of GO and PLL surface modification can effectively improve the biological activity of PLGA.
It is known that bioelectricity plays an essential role in the functioning of all living organisms such as controlling cell behavior and promoting tissue regeneration. Thus, in the clinical treatment of bone defect, ES is a widely known adjunctive therapy used to enhance bone healing [23, 24] . It has been reported that ES to marrow mesenchymal enhanced cell proliferation compared with cells without ES [25] . Other studies also found that ES could promote mesenchymal stem cell proliferation, alkaline phosphatase (ALP) activity, and expression of vascular endothelial growth factor (VEGF) and bone morphogenetic protein-2 (BMP-2) [26] . Furthermore, previous studies found the combination of ES and biomaterials may have a better biological effect on bone repair [27, 28] .
Based on the above considerations, we designed the present studies to test if combining ES and biomaterials with good bioactivity would result in optimizing bone repair effect. Firstly, PLGA blended with GO to fabricate a hybrid fiber matrices with appropriate hydrophilic and mechanical properties. Then, PLL were coated on the surface of hybrid fiber matrices to increase the number of positively charged sites for cell binding. We fully characterized the physicochemical and mechanical properties of hybrid fiber matrices using various techniques including scanning SEM, contact angle measurements, and a material testing machine. Finally, the MC3T3-E1 cells were cultured on the hybrid fiber matrices under ES to evaluate the effect of hybrid fiber matrices and ES on cell behaviors, including adhesion, proliferation, and differentiation. The preparation process and working hypothesis of the hybrid fiber matrices are schematically illustrated in Scheme 1.
Experimental Section
2.1. Materials. The PLGA (lactide/glycolide ratio = 75/25, Mn = 150000) was purchased from Nanjing Emperor Nano Material Co., Ltd. GO was purchased from Chengdu Organic Chemicals Co. Ltd., China (thickness: 0.55-1.2 nm; diameter: 0.5-3 μm). PLL were purchased from Sigma-Aldrich (St. Louis, US). 1,1,3,3,3-Hexafluoro-2-propanol (HFP) were purchased from Sigma, Singapore. Bovine serum albumin (BSA) was obtained from Beijing Solarbio Science & Technology Co., Ltd. The BCA protein assay kit was purchased from Sigma-Aldrich (USA). The reagents for cell experiments were purchased from Gibco (USA).
Fabrication of PLGA/GO Hybrid Fiber Matrices.
PLGA/GO hybrid fiber matrices were fabricated using electrospinning technique. Briefly, for the preparation of PLGA/GO composite solution, GO nanoparticles were first doped in HFIP and homogenized for 3 h by ultrasonication to form a uniform suspension; then, PLGA was dissolved in the HFIP to obtain 20 wt% polymer solution. Finally, the GO suspension was dropped into PLGA solution and subsequently stirred at 500 rpm for 24 h, and the total solid content of GO was 2% (w/w). After that, the prepared PLGA/GO composite solution was stirred overnight at room temperature and subjected to a 3 ml syringe with 0.5 mm inner diameter needle. Finally, the mixture solution of PLGA and GO was directly electrospun onto the aluminum foilcovered collector; the electrospinning parameters were as follows: applied voltage: 40 kV; air gap distance: 20 cm; inner diameter of spinneret: 0.4 mm; and flow rate of the solution: 0.07-0.10 ml min -1 . The obtained PLGA/GO hybrid fiber matrices were washed three times in absolute ethanol and dried overnight under vacuum at room temperature.
Surface Modification of Hybrid Fiber Matrices with PLL.
Modification of hybrid fiber matrices was performed by the 2
Journal of Nanomaterials PLL coating method. Briefly, all hybrid fiber matrices were immersed in 5% (w/v) aqueous NaOH (Sigma) solution to obtain hydrolyzed nanofibers. Subsequently, the hybrid fiber matrices were immersed in 10 ml 0.25% (wt/vol) PLL or PLLg-FITC solution overnight at 4°C and then rinsing in distilled water to remove the excess solution. Finally, the resulting PLL-modified PLGA/GO hybrid fiber matrices were washed by doubly distilled water and dried overnight under vacuum at room temperature.
Characterization of Hybrid Fiber
Matrices. The morphologies of the hybrid fiber matrices were characterized by SEM (XL 30 ESEM-FEG, FEI) at an accelerating voltage of 15 kV. The water contact angles of the hybrid fiber matrices were measured using water contact angle analyzer (VAC2000, AST). Tensile mechanical properties of hybrid fiber matrices were determined at 20°C and 65% relative humidity with a universal mechanical testing machine (Instron 1121, UK), using nanofiber membranes with width of 10 mm, initial length of 30 mm, and thickness of 0.15-0.30 mm. Tests were performed with gauge length of 15 mm, rate of 10 mm/min, and applied load of 10 N. Tensile strength is reported as the median of 3 tests.
To directly observe the distribution of PLL on hybrid fiber matrices, FITC-labeled hybrid fiber matrices and pure hybrid fiber matrices were observed under a fluorescence microscope (TE2000-U, Nikon).
Protein
Adsorption. BSA was selected as a model protein to determine the protein adsorption efficiencies of synthesized hybrid fiber matrices. The hybrid fiber matrices (PLGA, PLGA/GO, PLL-PLGA, PLL-PLGA/GO) were immerged in 10 ml BSA solution (2 mg/ml, pH 7.4) under stirring at 150 rpm for 1 h. At different time points, 3 min, 5 min, 10 min, 20 min, 40 min, and 1 h, the adsorbed BSA concentration was determined through the decrease of the concentration of BSA within the samples using BCA kit.
2.6. Antibacterial Activity Evaluation. To test the antimicrobial efficacy of the different hybrid fiber matrices, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were used as reference strains. S. aureus (ATCC 35696) and E. coli (ATCC 23282) were obtained from the China Center of Industrial Culture Collection. Briefly, the different hybrid fiber matrices were mixed with 1 ml of E. coli and S. aureus in LB culture medium (1 × 10 7 bacteria/ml), respectively. After incubation at 37°C for 3 h, bacterial suspension was collected and the wells were washed three times by 3 ml PBS. All the harvested bacteria cells were centrifuged and resuspended. Then, 30 μl of the microbial cell suspensions was spread on the nutrient agar evenly, and the tested discs were separately placed on agar for 16 h incubation at 37°C. The colonies formed on the agar plate were then observed on light microscopy. Meanwhile, to test the relative bacteria killing efficiency of different hybrid fiber matrices, the above microbial cell suspensions were incubated at 37°C for 16 h under constant shaking (120 rpm). Aliquots of 150 μl from each group were transferred to a new 96-well plate. Plates were read in a multifunctional microplate scanner (Infinite M200, TECAN) at OD 600 nm, and the results were obtained in triplicate. 3 Journal of Nanomaterials 1% penicillin, 63 mg l −1 penicillin, and 100 mg l −1 streptomycin in a humidified incubator at 37°C and 5% CO 2 . The medium was changed every 2 d.
As shown in Scheme 1, a self-made ES device was designed to perform the ES experiments. In order to deliver the current to MC3T3-E1 cells, a pair of platinum electrodes were placed in the 24-well plate, and had a distance of 10 mm apart. Cells were stimulated for 2 h per day. The square wave, frequency of 200 Hz, 50% duty cycle, and electrical potential of 0.5 V were adopted in the experiment. In the following experiment, MC3T3-E1 cells were cultured under two experimental conditions: (1) hybrid fiber matrices with ES and (2) hybrid fiber matrices without ES.
Cell Adhesion and Proliferation Assays.
For cell proliferation assays, MC3T3-E1 cells were seeded onto different hybrid fiber matrices with or without ES at an initial seeding density of 2 × 10 4 cells/ml and incubated for 3 and 7 d, respectively. At every time point, cell proliferation of MC3T3-E1 in different hybrid fiber matrices was assayed using the MTT method. Briefly, 100 μl of MTT (5 mg/ml in PBS) was added to each well, and the cells were incubated for an additional 4 h. Once completed, the medium was removed, and precipitated formazan crystals, a purple insoluble MTT product, were dissolved by 750 μl of acidified isopropanol (2 ml of 0.04 N hydrochloric acid (HCl) in 100 ml of isopropanol). The solution (150 μl) in each well was mixed and transferred to a 96-well plate, and the absorbance values at 540 nm were measured on a multifunctional microplate scanner (Tecan Infinite M200).
For cell adhesion assays, MC3T3-E1 cells were seeded onto different hybrid fiber matrices at an initial seeding density of 2 × 10 4 cells/ml and incubated for 3 d. The cells were washed three times with PBS, fixed with 4% paraformaldehyde (PFA) at room temperature in PBS for 10 min, dyed with 2% FITC and DAPI solution, and then washed with PBS for three times. Finally, the MC3T3-E1 morphology on different hybrid fiber matrices was observed under a fluorescence microscope (TE2000-U, Nikon).
2.9. Alkaline Phosphatase (ALP) Activity Assay. MC3T3-E1 cells were seeded on different hybrid fiber matrices with or without ES at the concentration of 2 × l0 4 cells/ml. After 7 and 14 days of induction, alkaline phosphatase (ALP) activity was evaluated using the p-Nitrophenyl Phosphate (pNPP) Liquid Substrate System (Sigma) according to the manufacturer's instructions. MC3T3-E1 cells were rinsed repeatedly with PBS and split by repeating freeze and thawing. Then, pNPP solution was added, and the samples were incubated in the dark for 30 min at 37°C. The spectrophotometric values at 405 nm were determined via a full wave-length reader (Infinite M200, TECAN). For ALP staining, after induction of osteoblast differentiation induction for 14 days, the cells were washed twice with PBS and were then fixed with 4% paraformaldehyde in PBS. Subsequently, ALP incubation medium was added to each well for 30 min at 37°C, and the methyl green staining solution was added to stain the cells. The ALP staining results and the cell morphology were observed under a fluorescence microscope (TE2000-U, Nikon).
Mineralization of MC3T3-E1 Cells.
Calcium deposition was detected with Alizarin red S (ARS) staining of MC3T3-E1 cells after cultured on all hybrid fiber matrices. After 20 d of culture, the samples were fixed with 4% paraformaldehyde, stained with 2% ARS solution for 5 min in room temperature. In order to better observe the cell mineralization on different hybrid fiber matrices with ES or without ES, the samples were observed by a fluorescence microscope. Then, calcium quantification was measured using cetylpyridinium chloride (CPC) treatment. The absorbance of ARS at 540 nm was recorded on a multifunction microplate scanner.
2.11. Quantitative Real-Time PCR Analysis. MC3T3-E1 cells cultured on various hybrid fiber matrices with ES or without ES were incubated at 7 and 14 days. Expression of the osteogenic marker gene of MC3T3-E1 cells was quantified by real-time PCR (qRT-PCR) after RNA isolation and cDNA synthesis as per standard procedures. Total RNA was extracted by TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Then, the cDNA was synthesized using a PrimeScript™ RT reagent kit (Takara Bio, Japan) according to the manufacturer's instructions. Realtime PCR was performed by Mx3005P (Stratagene, USA), and osteogenesis-related genes including anti-runt-related transcription factor 2 (Runx2) and osteopontin (OPN) were assessed. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the reference gene for the evaluation of expression of target genes (Table 1 ). Results were reported as relative gene expression. All experiments were done in triplicate to obtain the average data.
2.12. Statistical Analysis. Data were analyzed with Origin 8.0 (OriginLab Corporation, USA) and expressed as the mean ± standard deviation (SD). All experiments were repeated at least three times, and the statistical differences were assessed using one-way analysis of variance and a Bonferroni post hoc test. A p value of <0.05 was considered to be statistically significant. 
Results and Discussion

Characterization of PLL-PLGA/GO Hybrid Fiber
Matrices. In this study, we focused on the preparation of PLL-modified PLGA/GO hybrid fiber matrices with excellent bioactivity for bone tissue regeneration. Furthermore, we systematically investigated the effect of the combined use of hybrid fiber matrices and ES on cell adhesion, proliferation, and osteogenesis differentiation. The morphology of the PLGA, PLGA/GO, PLL-PLGA, and PLL-PLGA/GO hybrid fiber matrices is shown in Figure 1 (a). For PLGA hybrid fiber matrices, the surface of nanofibers is smooth and the hybrid fiber matrices have the ECM-like microstructure, which are expected to provide space gradually for supporting cell ingrowth and migration. When GO is blended with PLGA, the incorporation of GO did not seem to apparently affect the surface topography of nanofibers. Interestingly, the average diameter of PLGA was 1670 ± 187 nm, while the value of PLGA/GO nanofibers decreased to 1188 ± 173 nm, which indicated that the incorporation of GO led to the decrease of fiber diameter. This phenomenon may be due to the change in the viscosity of the solution [29] . The surface roughness of the PLGA and PLGA/GO nanofiber increased upon the surface modification with PLL. Furthermore, it is found that PLL-modified hybrid fiber matrices showed a slight decrease in fiber diameter compared to unmodified hybrid fiber matrices. We speculate that hydrolysis treatment dissolved the surface of hybrid fiber matrices, which caused the appearance change of nanofibers. The higher surface roughness of the scaffolds causes better wettability and increased the availability of medium and serum proteins, thus leading to enhanced cellular attachment and growth [30] .
Whether PLL adsorbed to the surface of hybrid fiber matrices were observed via fluorescence microscopy after hybrid fiber matrices soaked in a solution of fluorescein isothiocyanate-(FITC-) labeled PLL (green). As shown in Figure 1 (b), for PLL-modified hybrid fiber matrices, it was found that the PLL remained on the surface of hybrid fiber matrices after extensive washing in distilled water. However, for unmodified hybrid fiber matrices, no PLL were found on the surface of hybrid fiber matrices. Meanwhile, EDX was also applied to evaluate the changes of surface chemistry of scaffolds after being coated with PLL, and the results are shown in Figure 1 (c). It was found that the major elements in the pure PLGA and PLGA/GO hybrid fiber matrices were carbon (C) and oxygen (O). After PLL surface modification, nitrogen (N) was found in the EDX spectra of hybrid fiber matrices, whereas N was not found in the EDX spectra of the two hybrid fiber matrices without PLL surface modification, which confirmed the existence of 
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Surface Hydrophilicity.
Generally, the hydrophilichydrophobic properties of scaffolds have important effects on cell behavior influencing the attachment, proliferation, migration, and differentiation of many types of cells [31] . As shown in Figure 2(b) , the water contact angles of the PLGA, PLGA/GO, PLL-PLGA, and PLL-PLGA/GO hybrid fiber matrices were measured at perpendicular directions of the fibers. The PLGA hybrid fiber matrices are naturally a hydrophobic polymer showing the water contact angle of 103 ± 9:84°. After blending with GO, the hybrid fiber matrices showed better hydrophilicity (the water contact angle was 89:4 ± 7:34°), because of not only the hydroxyl groups but also the negatively charged groups, such as carboxylic acid groups on the GO surface. Furthermore, the alkaline solution treatment can increase the number of carboxyl groups (COOH) and negative charge on PLGA hybrid fiber matrices, which further improves the hydrophilicity of hybrid fiber matrices [32] . After PLL surface modification, PLL coating further decreased the contact angle of PLGA and PLGA/GO surfaces (29:35 ± 4:3°for PLL-PLGA and 26:27 ± 6:5°for PLL-PLGA/GO, indicating that the hybrid fiber matrix surfaces become more hydrophilic as a result of PLL surface modification (p < 0:05). PLL is a positively charged polymer with a large number of amino groups, which can increase the wettability of the polymer materials [33] . On the basis of these results, it was concluded that GO and the PLL surface modification could obviously improve the surface hydrophilic property and further enhance the biological activity of hybrid fiber matrices.
Mechanical
Properties. Good mechanical properties are essential for the application of scaffold materials. Figure 2(a) shows the tensile strengths of the different hybrid fiber matrices, and the tensile strengths of the PLGA, PLGA/GO, PLL-PLGA, and PLL-PLGA/GO hybrid fiber matrices were approximately 4:52 ± 0:93, 9:89 ± 1, 4:82 ± 0:23, and 9:65 ± 0:64 MPa, respectively. A significant improvement could be observed in the tensile strengths of hybrid fiber matrices with the addition of 2 wt% GO. Compare with graphene and rGO, GO has better dispersion within the polymer. Previous studies reported that the mechanical properties of polymer materials were improved by the addition of GO due to the interfacial interaction between the oxygen containing functional moieties of GO and the hydroxyl or amine groups of the polymer materials [5, 15, 34] . After PLL surface modification, it could be seen that there was no statistically significant difference in the tensile strengths of all hybrid fiber matrices before and after PLL surface modification, which indicated that the mechanical properties of hybrid fiber matrices appeared not to have been affected by the PLL surface modification. Therefore, this result suggests that the poor mechanical properties of PLGA hybrid fiber matrices can be reinforced by the impregnation of GO, and PLL surface modification has no effects on the mechanical property of hybrid fiber matrices.
Protein Adsorption Studies.
When polymer material surfaces contact with biological environment, protein adsorption is the first event, which is highly related to the biocompatibility of polymer materials. In this study, we chose BSA as a model protein to determine, known to adsorb readily to surfaces and exhibiting a high abundance in blood and plasma, the protein adsorption efficiencies of different hybrid fiber matrices. As shown in Figure 3 , the adsorption efficiency of BSA on different hybrid fiber matrices was examined. The BSA adsorption was determined to be 32:4 ± 1:6 mg on PLGA/GO hybrid fiber matrices, which were significantly higher than that on PLGA hybrid fiber matrices (19:6 ± 3:5 mg) (p < 0:05). Compared to PLGA, PLGA/GO contain oxygenous groups from GO, which introduce charged and electronegative regions to the surface and enable the formation of hydrogen bonds with proteins. At present, many studies have found that GO has strong capabilities to adsorb various proteins, including cytochrome c, Journal of Nanomaterials bovine serum albumin, ribonuclease A, and protein kinase A [35] [36] [37] . After PLL surface modification, PLL-PLGA and PLL-PLGA/GO hybrid fiber matrices have exhibited higher BSA adsorption capacities, nearly 2.47 and 1.66 times of adsorption rates than those of PLGA and PLGA/GO hybrid fiber matrices, respectively (p < 0:05). BSA has an isoelectric point of 4.7 and is negatively charged in pH 7.4 buffer. Thus, BSA was able to adsorb onto the positively charged PLL coatings via electrostatic interactions. The above results suggested that PLL-PLGA/GO have good affinity with protein and excellent biological activity for the application of bone defect repair.
3.5. Antibacterial Activity. During the treatment of bone defects, the prevention of bacterial infection is an important means to ensure bone tissue repair. At present, the most widely used method to combat bacterial infection is antibiotic therapy. However, the overuse of antibiotics can lead to bacterial resistance and reducing the treatment effectiveness [38] . Thus, manufacturing a scaffold with excellent antibacterial activity is very important to bone defect treatment. In this study, we evaluated the antibacterial performance against E. coli and S. aureus of different hybrid fiber matrices. As shown in Figure 4(a) , for the PLGA samples, both E. coli and S. aureus grew very well, and PLGA hybrid fiber matrices show poor antimicrobial characteristics. When the PLGA was incorporated with 2 wt% GO, a slightly decreased number of colonies is observed from the PLGA/GO group, which shows that GO have stronger antibacterial activity against bacteria. It has been found that GO could damage the cell membrane by direct contact with the bacteria [21] . Furthermore, the unique two-dimensional structure of GO makes it easy to coat bacteria and isolate them from their surrounding environments, which can prevent the acquisition of nutrients and bacteria growth [39] . Similar results had also been reported in other graphene derivatives like rGO. After PLL surface modification, it was found that the colony number further decreased. Furthermore, among all the samples, we found that the PLL-PLGA/GO showed the strongest bacteriostatic effect and the colony number is the lowest, demonstrating that the combined use of PLL surface modification and GO has synergistic effect on the antibacterial properties of hybrid fiber matrices. Previous studies have found that PLL has good antibacterial activity on different kinds of bacteria, including S. aureus, E. coli, and Pseudomonas aeruginosa [40] . More importantly, the combined use of PLL and other antibacterial material showed improved antibacterial efficacy compared to either antibacterial material or PLL alone. As the samples of PLL-PLGA/GO hybrid fiber matrices exhibited better antibacterial activity, we chose to quantify of their relative antibacterial efficiencies. As shown in Figure 4 (b), among all samples, the OD value for S. aureus and E. aureus on PLL-PLGA/GO samples is the lowest (p < 0:05), indicating that antibacterial efficiencies of PLL-PLGA/GO hybrid fiber matrices were more effective than other hybrid fiber matrices, which accords with the results of bacterial colony observation.
Cell Morphology and Proliferation on Different Hybrid
Fiber Matrices. In our previous study, we have examined cell proliferation under ES with different frequencies and found that the 200 Hz group had the maximum cell proliferation compared to those of the other groups [41] . Therefore, we choose the frequency of 200 Hz for the subsequent cell experiments. In order to evaluate the effect of hybrid fiber matrices and ES on cell response, MC3T3-E1 cell proliferation assay of hybrid fiber matrices with ES or without ES was performed using the MTT method, and the results are shown in 7 Journal of Nanomaterials Figure 5 . After 3 and 7 days of the cell seeding, MC3T3-E1 cells cultured on PLGA/GO scaffolds had a better proliferation behavior than those cultured on PLGA scaffolds, which indicated that the addition of GO were beneficial for MC3T3-E1 cell proliferation. Previous studies demonstrated that GO enhances the cellular behaviors, including attachment, proliferation, and even differentiation [15, 22, 42] . After PLL surface modification, the results of cell proliferation demonstrated that MC3T3-E1 cells showed higher proliferation on the PLL-modified hybrid fiber matrices compared to unmodified hybrid fiber matrices. PLL provide abundant positive charges on the surface of hybrid fiber matrices, which can improve the interaction between cells and materials through electrostatic interactions. Furthermore, PLL surface modification can effectively improve the hydrophilicity of hybrid fiber matrices, which can provide a suitable microenvironment for the attachment and proliferation of cells. Previous studies have showed that positively charged materials have higher cell attachment, growth, and function compared to hydrophobic and negatively charged materials [43] .
More importantly, compared with hybrid fiber matrices without ES, it is found that MC3T3-E1 cells showed better proliferation under ES on both day 3 and day 7, indicating that the ES also played an important role in promoting cell proliferation. Many studies have shown that ES can increase the cell proliferation rate [44] . The mechanisms of ES improved cell proliferation can be attributed to (1) increasing the secretion of growth factors, (2) activating proliferation signaling pathways, and (3) increasing intracellular calcium (Ca 2+ ). More specifically, ES can promote the release of some trophic factors from the cells, which can enhance the survival and outgrowth of cells; on the other hand, the activation of several signaling pathways by ES has been linked to an increase in cell proliferation, such as the ERK 1/2 pathway [45, 46] . Moreover, Ca 2+ signaling can regulate various key stages of the cell cycle, including the initiation of cell proliferation via the induction of the progression from early G1 phase to S phase, followed causing the activation and expression of transcription factors [47] . This is one of the important reasons why ES can improve cell proliferation. In this study, among all hybrid fiber matrices, it is found that the cells cultured on PLL-PLGA/GO hybrid fiber matrices with ES show the highest cell proliferation rate. The above results demonstrated that the ES is used in combination with PLL-PLGA/GO hybrid fiber matrices, which have a synergistic effect in terms of cell proliferation.
As shown in Figure 6 , the morphology of the MC3T3-E1 cell grown on different hybrid fiber matrices with or 8 Journal of Nanomaterials without ES at 3 d was further observed using a fluorescence microscope by cytoskeleton staining. Overall, the MC3T3-E1 cells maintained their normal polygonal morphology with multiple cellular projections both on all hybrid fiber matrices. After PLL surface modification, MC3T3-E1 cells exhibited a greater spread with a better cytoskeleton than those on unmodified hybrid fiber matrices. This result indicated that the cell adhesion increased after PLL surface modification due to the presence of PLL improves the surface recognition by cell. Moreover, when the MC3T3-E1 cells were employed with ES, the morphology of cells showed the more connected actin fibers and the distinct cell pseudopodium, which were beneficial to enhance the cell-cell communication. Taken together, the data clearly indicate that the cell adhesion and proliferation were significantly enhanced by the combined application of conductive hybrid fiber matrices and electrical stimulation.
3.7. Alkaline Phosphatase (ALP) Activity. ALP was one of the important early-stage osteoblastic markers, which was cho-sen to explore the osteoinductive activity of the different hybrid fiber matrices with or without ES. As shown in Figure 7 (a), the ALP activities of cells on the PLGA/GO and PLL-PLGA/GO hybrid fiber matrices were significantly higher than those of cells on other hybrid fiber matrices, suggesting that the cell differentiation toward osteogenesis was better on the graphene oxide-impregnated hybrid fiber matrices than other hybrid fiber matrices. Furthermore, after 7 days of cell culture, it is found that there was no significant difference in ALP activity between the PLGA and PLL-PLGA hybrid fiber matrices. However, after 14 days of cell culture, the ALP activity was significantly higher in the PLL-PLGA than the PLGA hybrid fiber matrices. Previous studies have reported that lysine molecules have the potential to enhance osteoblast adhesion, possibly by imitating the structure of bovine bone protein rich in lysine to promote the attachment, growth, and differentiation of osteoblasts [48, 49] . After the cells were applied with ES, the ALP activity significantly increased on all the hybrid fiber matrices both at 7 and 14 days. More interestingly, the ALP activity in PLGA/GO 9 Journal of Nanomaterials and PLL-PLGA/GO hybrid fiber matrices with ES was remarkably higher than that in other groups. Although the exact mechanism for the enhancement of ES on cell differentiation was controversial, the hypothesis of voltage-gated calcium channel had attracted particular interest. ES can adjust voltage-gated calcium channels and increase the intracellular concentration of Ca 2+ ions, which might activate cytoskeletal calmodulin and promote cell osteogenic differentiation. Furthermore, GO can effectively improve the mechanical properties of hybrid fiber matrices, which is also an important factor affecting cell osteogenic differentiation. It was reported that the mechanical properties of scaffold materials are capable of modulating cell behaviors, such as spread area, morphology, and gene expression profile [50, 51] . For example, the MSCs on soft substrates/scaffolds had less spread, fewer stress fiber, and less proliferation rate than the MSCs on stiff substrates/scaffolds [52] . Therefore, we speculate that the mechanical properties of hybrid fiber matrices play a synergistic role with ES, which can provide a better microenvironment for cell proliferation and differentiation. To better observe the effect of different hybrid fiber matrices on cell mineralization, the dark blue staining of MC3T3-E1 cells was also observed through microscope as evidence for MC3T3-E1 cells osteogenic differentiation. As shown in Figure 7 (b), 14 days of post seeding, the dark blue staining in the cells cultured on PLGA/GO and PLL-PLGA/GO hybrid fiber matrices with ES was more intense in those cultured on other hybrid fiber matrices. The above result suggested the PLL-PLLGA/GO hybrid fiber matrices could effectively enhance the early osteogenic differentiation of cells under ES.
Cell Mineralization.
Cell mineralization is the last phase of regeneration and is crucial for the final bone formation. In this study, the cell mineralization was analyzed by ARS staining, which can bind to Ca 2+ in mineralized ECM showing bright red stains, as shown in Figure 8 (b). After 20 days of cell culture, it is found that the calcium deposition was higher on the PLGA/GO than on the PLGA hybrid fiber matrices, which confirmed that the late-stage marker of osteogenic differentiation was enhanced by the addition of GO. Interestingly, the combination of PLL surface modification and GO showed higher calcium deposition than PLL or GO alone at 20 days. The intrinsic properties of GO are thought to increase cytoskeleton tension, thus guiding cell behavior such as cell proliferation, osteogenesis differentiation, and mineralization. More importantly, due to hydrogen bonding and electrostatic interactions, graphene allows the noncovalent binding of proteins and osteogenic inducers on its surface, which can accelerate cell mineralization process. In addition, for hydroxyapatite formation, many studies have found that the poly(amino acids) such as PBLG and PLL show high calcium binding affinity, which could induce osteoblast differentiation and new bone formation [53] . Our result show that the combination of PLL surface modification and GO had a synergistic effect in terms of cell mineralization. After the cells were applied with ES, the calcium deposition of the cell was greater than that of the cells without ES at the same time. Previous studies have found that ES can activate voltage-gated Ca 2+ channels on cell membranes which can increase the intracellular Ca 2+ ion concentration [54] . Moreover, the Ca 2+ ions enriched around cells might also have some contribution to favor the ion transporting into cells. And thus, these changes would induce the intracellular Ca2+ ion oscillation in cells and activate the downstream signaling pathway to promote their cell mineralization. Furthermore, consistent with ALP results, after the cells were applied with ES, the PLGA/GO and PLL-PLGA/GO hybrid fiber matrices group exhibited the largest and most calcium deposition, which further conformed the additive effect of ES and PLL-PLGA/GO hybrid fiber matrices on cell osteogenic differentiation. Thereby, PLL-PLGA/GO hybrid fiber matrices possessed good bioactivity, especially, in combination with ES, which was envisioned able to effectively promote cell osteogenesis differentiation.
The assessment of quantitative cell mineralization was performed by extracting ARS with 10% CPC. As shown in Figure 8 (a), after 20 days of culture, the total calcium content 11 Journal of Nanomaterials in PLL-PLGA/GO hybrid fiber matrices was significantly higher than that in PLGA/GO and PLL-PLGA hybrid fiber matrices. After the cells were applied with ES, the highest calcium content in deposited minerals was still observed with the PLGA/GO and PLL-PLGA/GO hybrid fiber matrices. The above result suggests that ES can effectively enhance the effect of PLL-PLGA/GO hybrid fiber matrices on the calcium mineralization of MC3T3-E1 cells.
Bone-Related Gene and Protein Expression.
Some key cytokines and functional proteins such as Runx2 and OPN will be expressed regularly during the osteoblastic differentiation [55] . The Runx 2 is expressed at the early stage of differentiation. OPN expression could be observed during middle/late differentiation. As shown in Figure 9 , the expression of Runx 2 was obviously upregulated on the PLGA/GO and PLL-PLGA/GO hybrid fiber matrices. However, compared with PLGA hybrid fiber matrices, Runx2 expression in PLL-PLGA group was no significant difference was observed at 7 d, and significant difference was only observed at 14 d. The above results demonstrated that PLL surface modification has less effect on the early osteogenic differentiation of cell compared with GO. For the expression of OPN, com-pared with PLGA hybrid fiber matrices, higher expression levels of gene were observed in PLGA/GO, PLL-PLGA, and PLL-PLGA/GO hybrid fiber matrices until 14 d. Furthermore, the expression levels of OPN in the PLL-PLGA/GO hybrid fiber matrices were obviously higher than those in PLGA/GO and PLL-PLGA hybrid fiber matrices alone. This result further demonstrated that the combination of GO and PLL surface modification had a synergistic effect in terms of osteogenic induction. When the MC3T3-E1 cells were cultured on all the hybrid fiber matrices with ES, the expression of Runx 2 and OPN was further enhanced on all hybrid fiber matrices, indicating that ES could enhance the cell osteogenic differentiation. In particular, OPN was upregulated to nearly 3-fold at 7 days, indicating that ES can result in higher increases in OPN expression. Among all samples, the highest expression level of Runx 2 and OPN was occurred in PLGA/GO and PLL-PLGA/GO hybrid fiber matrices with ES, demonstrating that the cell osteogenesis differentiation was significantly enhanced by the combined application of PLL-PLGA/GO hybrid fiber matrices and electrical stimulation. The results of bone-related genes expression showed the same trends as observed from ALP activity and cell mineralization, indicating that the PLL-PLGA/GO hybrid fiber 
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Journal of Nanomaterials matrices alone could promote cell osteogenesis differentiation and the impacts and can further enhance if the cells were applied with ES. Bone defects, caused by bone degenerative disorders, physical trauma, and cancer, were in high demand for bone grafts. In recent years, with the development of biomaterials science, a promising strategy for achieving bone tissue repair by degradable material with excellent biological activity is a very effective technique in the biomedical area. In this process, the structural characteristics of biomaterials are important for bone tissue repair, such as hydrophilicity, protein adsorption, and mechanical properties because the hybrid fiber matrices are highly porous and have a high specific surface area and ECM-like nanotopography. Thus, in this study, PLGA hybrid fiber matrices were fabricated by electrospinning. At the same time, in order to further improve the biological properties of hybrid fiber matrices, the GO and PLL surface modification was utilized to improve the biocompatibility of the PLGA hybrid fiber matrices. Previous studies have demonstrated that GO can effectively improve the mechanical properties, biocompatibility, and osteoinductive ability of the PLGA materials [5, 15] . Furthermore, because of the positive interaction between the positive charge on the PLL surface and the negative charge on the cell membrane surface, PLL surface modification can improve the affinity between materials and cells. The results of this study showed that the mechanical strength, protein adsorption, and hydrophilicity of the hybrid fiber matrices were increased by GO and PLL surface modification (Figures 2  and 3 ). PLL-PLGA/GO hybrid fiber matrices could effectively enhance cell adhesion, proliferation, and osteogenic differentiation ( Figures 6, 7, 8, and 9 ). More importantly, GO and PLL surface modification showed an additive effect in improving the bioactivity of hybrid fiber matrices.
Bioelectricity plays an essential role in the functioning of all living organisms, which can control cellular functions. Thus, electrical stimulation is a widely known adjunctive therapy used to enhance bone healing. More importantly, applying ES combined with composite biomaterials that have excellent biocompatibility will further enhance ES's biological effects, which have great potential in bone defect repair [56] . For the above purpose, in this study, the effect of PLL-PLGA/GO hybrid fiber matrices under ES conditions on MC3T3-E1 cells growth and osteogenesis differentiation was systemically studied. The combination of electrical stimulation and biomaterials can maximize the speed of bone repair. In summary, the gained cellular response results indicated that the combination of electrical stimulation and PLL-PLGA/GO hybrid fiber matrices could offer two aspects to mainly influence MC3T3-E1 cells growth and osteogenesis differentiation. First, the positively charged surface, excellent hydrophilicity, protein adsorption, and mechanical properties provide a better cellular microenvironment for cell growth and osteogenesis differentiation, which is the key to bone regeneration. Second, the synergistic effect of biomaterials combined with ES could enhance the extracellular signal conduction and improve the bone conductivity. Thus, it is expected that the combination of obtained PLL-PLGA/GO hybrid fiber matrices and ES will have a broad application in the bone defect repair field. In the future, we will further investigate how these hybrid fiber matrices together with electrical stimulation modulate the intracellular cell signaling pathways to control the cell proliferation and osteogenesis differentiation.
Conclusions
In this study, the PLGA/GO hybrid fiber matrices were fabricated by electrospinning, and the surface of hybrid fiber matrices was further coated with PLL to improve the hydrophilicity and biocompatibility. The obtained hybrid fiber matrices have appropriate surface morphology and properties, which can meet the needs of bone tissue regeneration. In vitro MC3T3-E1 cell culture revealed better cell proliferation and differentiation on the PLL-PLGA/GO hybrid fiber matrices, and thus, they might have direct applications as bone grafts. Especially, in an electrically stimulated environment, the obtained hybrid fiber matrices with ES can further improve cell adhesion, proliferation, and osteogenesis differentiation, which were proved by MTT assay, ALP activity, calcium deposition, and osteogenic relative gene expressions. Thus, it is expected that the combination of PLL-PLGA/GOhybrid fiber matrices and ES will have a broad application in the bone defect repair field.
